INTRODUCTION
============

L-methionine is an essential, non-polar amino acid that is usually obtained from outside sources such as sesame oil, meat, and fish \[[@R1]\]. L-methionine is considered as intermediate substrate for the synthesis of other amino acids such as homocysteine, which is formed by demethylation of L-methionine \[[@R2],[@R3]\].

Homocysteine is a non-essential amino acid that is already present in the blood. It has been implicated in oxidative stress and cognitive dysfunction \[[@R4]\]. Recent studies on animals have shown that chronic administration of L-methionine results in hyperhomocysteinemia condition \[[@R4],[@R5]\] and the subsequent development of cerebrovascular diseases including stroke \[[@R6]\]; atherosclerosis \[[@R7],[@R8]\], and vascular dementia \[[@R9]\]. In addition, hyperhomocysteinemia is associated with increased levels of oxidative stress and lipid peroxidation that interfere with memory formation \[[@R5],[@R10]-[@R13]\]. Hyperhomocysteinemia also contributes to the increased risk of dysfunction in endothelial cells that may interfere with blood supply to brain and the subsequent cognitive decline \[[@R13]\].

Metformin is an oral anti-diabetic agent from the biguanid group. Metformin is considered a first line therapy for patients with type 2 diabetes. It works by increasing insulin receptors at peripheral tissues and inhibiting glucose synthesis from the liver \[[@R14]\]. Studies showed that metformin possesses an antioxidant activity that is beneficial for restoring cognitive function in conditions other than hyperhomocystienemia such as high-fat diet ingestion \[[@R15]\] and obesity \[[@R16]\]. In the current study, we determined if metformin prevents memory impairment induced by chronic administration of L-methionine probably through neutralizing the oxidative stress in the brain.

MATERIAL AND METHODS
====================

In all experiments, adult male Wistar rat that weight 200 to 250g were assessed. The animals were housed in plastic cages (maximum four rats per cage) under hygienic conditions and maintained at normal room temperature with free access to food and water. Animals were housed on a 12 h light/dark cycle (light on 7 am) at 25°C. All experimental procedures were performed during the light cycle and were approved by animal care and use committee (ACUC) of the Jordan University of Science and Technology.

Animals were randomly assigned to four groups: control (Control), L-methionine (L-Meth, 1.7g/kg/day, suspended in 0.5% w/v Carboxyl Methyl Cellulose (CMC)), metformin (Met, 30mg/kg/day), L-methionine with metformin (L-Meth+Met). L-methionine was purchased from Sigma Chemical Co. (Saint Loius, MO, USA) while metformin was a generous gift from United Drug Manufacturing Co, Amman, Jordan. Both L-methionine and metformin were administered by oral gavage for 4 weeks. Animals in the control group were administered the vehicle *via*oral gavage (0.5% w/v CMC). All manipulations including administration of L-methionine, metformin and vehicle were started on the same day, and continued for 4 weeks. The RAWM training was carried out immediately after treatment. Drugs administration was continued throughout the radial arm water maze (RAWM) testing days.

BEHAVIORAL TEST: RADIAL ARM WATER MAZE (RAWM)
=============================================

RAWM was used to test spatial learning and memory among all four groups of animals \[[@R17]-[@R20]\]. The RAWM contains six swim paths (stainless steel arms) extending out of black central area tube with a hidden platform located at the end of one arm (the goal arm). The water was maintained at 24±1°C. The experiments were carried out in a room that was dimly lit with two different pictures on the walls which served as cues for the rats. The animals must find a platform that was hidden on the goal arm, which was not changed for a particular rat. Rats were given six successive trials separated by 5 min rest, then another six consequences trials (acquisition phase), followed by 30 min short-term memory and 5 h and 24 h long-term memory tests. The RAWM procedure was carried out as described in \[[@R21],[@R22]\].

ANIMALS SUBTOTAL EXSANGUINATIONS AND BRAIN DESICCATION
======================================================

The animals were anesthetized using 40mg/Kg of thiopental administered Intraperitonially (IP), thereafter; animals were killed using subtotal exsanguinations. Then, the brain was immediately dissected out; the hippocampus was removed and immediately frozen using liquid nitrogen.

CALORIMETRIC IMMUNOASSAYS
=========================

Hippocampus was homogenized manually using small pestle in lysis buffer (137 mM NaCl, 20 mM Tris--HCl pH 8.0, 1% NP-40, 10% glycerol, 0.5 mM sodium vanadate, 1 mM polymethane sulfonyl floride (PMSF), and proteases inhibitor cocktail (Sigma-Aldrich Corp, MI, USA). Homogenates were centrifuged to remove insoluble material (14,000xg for 5 min, 4 ◦C). Total protein concentrations were estimated using commercially available kit (BioRAD, Hercules, CA, USA). To quantify GSH, tissues were homogenized manually using small pestle in 5% 5-Sulfosalicylic Acid (SSA). Homogenates were centrifuged to remove insoluble material (10,000 xg for 10min, 4°C), then the samples were assayed for total GSH/GSSG according to manufacture instructions (Glutathione Assay Kit, Sigma-Aldrich Corp, Mi, USA). In brief, 10μl of 1M 2- vinylpyridine (Glutathione Assay Kit, Sigma-Aldrich Corp, Mi, USA) was added per 1ml of supernatant to quantify GSSG. GSH was calculated by subtracting total glutathione species value from GSSG value.

Assay of glutathione peroxidase (GPx) was performed using commercially available kit (Glutathione Peroxidase Cellular Activity Assay Kit, Sigma-Aldrich, MI, USA). Samples were kinetically quantified at 340nm using spectrophotometry (UV-VIS spectrophotometer, UV-1800, Shimadzu, Japan). Catalase activity was measured calorimetrically using commercially available kit (Cayman Chemical, Ann Arbor, MI, USA) and ELISA reader. Similarly, thiobarbituric acid reactive substance (TBARS) levels were measured calorimetrically using commercially available kits according to manufacturer's instructions (Cayman Chem, Ann Arbor, MI, USA). ELISA plates were read at the wave lengths specified in the kit using an automated plate reader (ELx800, Bio-tek instruments, plate reader, Highland Park, Winooski, USA).

Homocysteine level in serum was measured by using rat homocysteine Kit from Cusabio Biotech Co (CSB-E13376r, USA). Briefly, 100μl Biotin-antibody working solution was added to 100µl tissue homogenates. The mixture was incubated for 60 min at 37 ◦C, and then it was washed. Thereafter, 100μl of HRP-avidin working solution was added and incubated for 60 min at 37 ◦C. After that, 90μl of TMB substrate was added and it was incubated for 30 min at 37 ◦C. Finally, 50μl of stop solution was added and plates were read at 450 nm using the automated reader.

STATISTICAL ANALYSIS
====================

The statistical analysis was done using GraphPad Prism (4.0) for Windows. The numbers of errors made by animals were compared using two-way AVOVA; succeeded by Bonferroni posttest. Repeated measures factor was time and between-subjects factor was the groups, and they were treated as independent variables. Oxidative stress biomarkers were compared using one-way AVOVA; succeeded by Bonferroni posttest. Significance level was set at *P \<0.05*. The mean ± SEM was used to represent all values.

RESULTS
=======

The Effect of L-methionine, and Metformin on the Homocysteine Serum Levels
--------------------------------------------------------------------------

Serum levels of homosysteine were significantly higher in both the L-Meth, and the L-Meth+Met groups compared to that of control and Met groups. Thus, as expected L-methionine treatment was associated with significant increase in the level of homocysteine in Animals' serum, whereas metformin did not affect serum homocysteine levels (Fig. **[1](#F1){ref-type="fig"}**).

THE INTERACTIVE EFFECT OF METFORMIN AND L-METHIONINE ON LEARNING AND MEMORY
---------------------------------------------------------------------------

During the RAWM training, all animals started with higher number of errors at the beginning of the training day. After that, number of errors tended to decline as animals had more training trials (the acquisition phase), with no significant difference among experimental groups in the number of errors committed at each trial in all acquisition trials (Fig. **[2](#F2){ref-type="fig"}**).

In the short-term memory test, rats in the control, Met and L-Meth+Met groups made similar number of errors to find the hidden platform. In contrast, animals in the Meth group made significantly more errors to find the hidden platform than other experimental groups (Fig. **[2](#F2){ref-type="fig"}**). In the long-term memory tests, which were carried out 5-hr and 24 hr after the end of 12^th^ trial, animals in the Meth group made significantly more errors in finding the hidden platform than all other experimental groups. On the other hand, animals in the control, Met and L-Meth+Met groups made similar numbers of errors (Figs. **[2](#F2){ref-type="fig"}**). These findings indicate that metformin treatment prevented short- and long- term memory impairments induced by chronic L-methionine administration in rats.

THE EFFECT OF L-METHIONINE AND METFORMIN**ON HIPPOCAMPUS OXIDATIVE STRESS MARKERS**
-----------------------------------------------------------------------------------

### Changes in Catalase Activity

L-methionine treatment was associated with significant decrease in hippocampus catalase activity (Fig. **[3](#F3){ref-type="fig"}**). On the other hand, treatment with metformin normalized L-methionine induced reduction in catalase activity.

### Level of the GSH, GSSG and GSH/GSSG Ratio

Whereas no change was observed at the level of GSH (Fig. **[4A](#F4){ref-type="fig"}**), the level of GSSG was significantly increased in association with L-methionine. This increase was partially prevented by the treatment with metformin (Fig. **[4B](#F4){ref-type="fig"}**). Concerning the ratio GSH/GSSG, which represent an important indicator of oxidative stress level \[[@R23]\], it was markedly reduced by L-methionine treatment (Fig. **[4C](#F4){ref-type="fig"}**), and it was partially normalized by metformin treatment (Fig. **[4](#F4){ref-type="fig"}**).

### Changes in the Activity of GPx

In the hippocampus, the activity of GPx was reduced by chronic treatment with L-methionine (L-Meth group), this reduction was normalized by metformin treatment (Fig. **[5](#F5){ref-type="fig"}**).

### Level of TBARs

L-methionine treatment induced significant increase in TBARs, which was prevented by the treatment with metformin (Fig. **[6](#F6){ref-type="fig"}**).

DISCUSSION
==========

In this study, we showed that metformin treatment prevents impairment of both short- and long- term memory associated with chronic administration of L-methionine. This could be achieved through metformin relieving effect on L-methionine-induced oxidative stress.

Results of the present study showed that chronic L-methionine administration induced hyperhomocysteinemia and impaired short- and long- term memory. These findings are in confirmation of previous studies showing that excessive L-methionine administration results in memory impairment in animals \[[@R13],[@R24]-[@R26]\], and deteriorates cognitive functions in humans, through the induction of hyperhomocysteinemia \[[@R4],[@R27]\].

The major mechanism by which L-methionine induced memory impairment may be related to increased oxidative stress levels in the brain due to development of hyper-homocystenemia \[[@R10]-[@R13]\]. It is believed that hyper-homocystenemia in cells leads to auto-oxidation of thiol groups that generates hydrogen peroxide and the reactive radical oxygen species, superoxide and hydroxyl radical, and, thus, leads to oxidative stress \[[@R28]-[@R31]\]. For instance, it was shown that chronic L-methionine treatment impairs memory along with elevating oxidative stress in the brain as indicated by increase in TBARS, and reduction in GSH \[[@R13]\]. Additionally, memory impairment induced by L-methionine treatment was prevented by treatment with major antioxidants including vitamins E and C \[[@R12]\], melatonin \[[@R11]\], and resveratrol \[[@R10]\]. In confirmation, results of the current study showed that chronic L-methionine treatment induced both memory impairment and oxidative stress in the hippocampus as evidenced by increased TBARS, reduced GSH/GSSG ration, and reduced antioxidant enzymes activities such as catalase and GPx, which further substantiate evidence indicating the involvement of oxidative stress in L-methionine ingestion-induced memory impairment.

On the other hand, current results showed that chronic metformin treatment prevented short- and long- term memory impairment induced by chronic L-methionine administration. In accordance, previous report showed that administration of metformin for 3 weeks to insulin resistant high-fat diet fed animals completely reversed cognitive impairment \[[@R15]\]. In addition, metformin was shown to attenuate Alzheimer\'s disease-like changes including impaired cognitive functions in obese, leptin-resistant mice \[[@R16]\].

The observed beneficial effects of metformin in protecting memory impairment has been related to its antioxidant effect \[[@R15],[@R32],[@R33]\]. Current results show that chronic metformin treatment normalized changes in hippocampal levels of catalase, GPx, GSH/GSSG ratio and TBARS, induced by L-methionine treatment. In accordance, a previous study showed that metformin protected type 2 diabetic rats from oxidative stress through preventing elevation in GPx activity, reducing the levels of TBARs, and increasing GSH in the whole brain \[[@R33]\]. Another study showed that meformin treatment restored elevation in brain TBARS induced by chronic ingestion of high-fat diet that led to insulin resistance \[[@R15]\]. Therefore, it is likely that metformin restores L-methionine induced memory impairment through normalizing oxidative stress level in the hippocampus.

Other mechanisms for the general cognition protective effect of metformin were suggested. For example, metformin has been recently shown to activate an atypical protein kinase C-CBP pathway leading to the induction of neurogenesis in adult mouse brain \[[@R34]\]. However, this effect was observed in the cortex at metformin dose that is several folds higher than the dose used in the current study. Thus, it is unlikely that neurogensis induced by metformin to be a contributing factor in the effects observed in the current study.

The hippocampus, a bilateral limbic structure that lies beneath the cerebral cortex, is known to be involved in learning and memory \[[@R35]-[@R37]\]. New information is temporarily stored in the hippocampus before being transferred to the cerebral cortex for long-term memory storage \[[@R38]\]. Hyperhomocystenemia has been shown to directly target the hippocampus \[[@R11],[@R39]-[@R41]\], which is especially sensitive for oxidative stress \[[@R11],[@R42]-[@R44]\]. Metformin, on the other hand, was previously shown to act on memory impairments associated with hippocampal structure \[[@R16],[@R45]\]. Thus, in here, the hippocampus was majorly studied. Future work could target other areas in the brain.

Collectively, metformin was shown to protect against short- and long- term memory impairment induced by chronic L-methionine administration, probably, through metformin's ability to restore normal oxidative level in the hippocampus.
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![Plasma levels of homocysteine. Levels of homocystiene were significantly increased in the L-metioninine (L-Meth) and Lmethionine and metformin treated (L-Meth+Met) groups compared to the control and metformin treated (Met) groups. Data are expressed as mean ± SEM from 10-12 animals. \* indicates significant difference (P \< 0.05) from other groups.](CN-12-186_F1){#F1}

![Performance of animal groups during the RAWM. In all groups, the number of errors declined as the learning proceeded learning (trials 1-12), with no significant change among groups. In the memory tests performed after 30min, 5hr, and 24hr after the end of the acquisition, the number of errors committed by L-Meth group was significantly higher than that of L-Meth+Met, Met, and control groups. Data are expressed as mean ± SEM from 10-12 animals. \* indicates significant difference (P \< 0.05) from other groups.](CN-12-186_F2){#F2}

![Hippocampal Catalase Activity. Catalase activity was significantly reduced in L-Meth group compared to L-Meth+Met, Met, and control groups. Data are expressed as mean ± SEM from 10-12 animals. \* indicates significant difference (P \< 0.05) from other groups.](CN-12-186_F3){#F3}

![Hippocampal levels of different forms of glutathione. No change was observed in the GSH levels among different groups (A). In the L-Meth group, the levels of GSSG (B), and GSH/GSSG ratio (B) were significantly elevated compared to other groups. However, levels of GSSG and GSH/GSGG ratio were significantly higher in L-Meth+Met group compared to Met and control groups, indicating that metformin treatment only partially restored GSSG and GSH/GSSG ratio. Data are expressed as mean ± SEM from 10- 12 animals. \* indicates significant difference (P \< 0.05) from other groups.](CN-12-186_F4){#F4}

![Hippocampal GPx Activity. L-Meth group showed significant reduction in GPx activity compared to L-Meth+Met, Met, and control groups. Each point is the mean ± SEM of 10-12 rats. \* indicates significant difference compared to all other groups, (P \< 0.05).](CN-12-186_F5){#F5}

![Levels of TBARS in the hippocampus. The levels of TBARS were elevated in the L-Meth group compared Met, and control groups. Metformin treatment prevented this elevation in TBARS levels (L-Meth+Met group). Data are expressed as mean ± SEM from 10-12 animals. \* indicates significant difference (P \< 0.05) from other groups.](CN-12-186_F6){#F6}
